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Abstract
Most mitochondrial proteins are synthesized in the cytosol as precursor proteins and are imported into mitochondria. The targeting signals
for mitochondria are encoded in the presequences or in the mature parts of the precursor proteins, and are decoded by the receptor sites in the
translocator complex in the mitochondrial outer membrane. The recently determined NMR structure of the general import receptor Tom20 in
a complex with a presequence peptide reveals that, although the amphiphilicity and positive charges of the presequence is essential for the
import ability of the presequence, Tom20 recognizes only the amphiphilicity, but not the positive charges. This leads to a new model that
different features associated with the mitochondrial targeting sequence of the precursor protein can be recognized by the mitochondrial
protein import system in different steps during the import.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Mitochondria consist of 500–1000 different proteins.
Since most of them are encoded by the nuclear genome
and are synthesized as precursor proteins on cytosolic
ribosomes, protein import into mitochondria is the central
process for the biogenesis of mitochondria. Studies over the
past decade have revealed that this process is mediated by
an elaborate cellular system consisting of components in the
cytosol, in the mitochondrial membranes and in the mito-
chondrial aqueous compartments. The mission of this sys-
tem is to select a subset (10–20%) of cellular proteins
destined for mitochondria and to facilitate the efficient flow
of these proteins from the cytosol into mitochondria.
Like other cellular and secretory proteins, the targeting
signals for mitochondria are encoded within mitochondrial
proteins themselves (for reviews, see Refs. [1,2]). Selection
of mitochondrial proteins is achieved by the cognate ‘recep-
tors’ in the mitochondria. A key question is how the
receptors recognize the targeting signals for mitochondria.
Mitochondria import as many as thousand different proteins
with no consensus amino-acid sequence for mitochondrial
targeting signals, yet mistargeting of mitochondrial proteins
hardly taking place in vivo. Evidently, the mitochondrial
receptors recognize a broad spectrum of targeting sequences
on the basis of a novel principle of molecular recognition.
2. Mitochondrial targeting signal
Most matrix proteins and some proteins in the inner
membrane and in the intermembrane space (IMS) possess a
cleavable N-terminal presequence, which functions as a
matrix targeting signals and is cleaved by a matrix-localized
processing peptidase (for a review, see Ref. [3]). Since
mitochondrial presequences can direct many different non-
mitochondrial proteins to mitochondria when attached to
their N-termini, they have sufficient information for target-
ing to mitochondria. Although it is logically possible that
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the mature part of precursor proteins also contains an
additional signal to enhance efficiency of the mitochondrial
targeting, such an assistant signal, if any, has been poorly
characterized.
Fig. 1 compares the helical wheel plot of the mitochon-
drial presequence with that of the endoplasmic reticulum
(ER) targeting signal sequence of secretory proteins. Mito-
chondrial presequences do not share distinct consensus
sequences, but instead, display common physicochemical
properties. Presequences are rich in positively charged
residues and have the potential to form an amphiphilic
helical structure as shown in the helical wheel plot [4,5].
Indeed, chemically synthesized presequences, which exhibit
little secondary structure in aqueous solutions, adopt amphi-
philic helical structures on binding to lipid bilayers or
detergent micelles [5–7]. The analyses of the import abil-
ities of mutated presequences showed that the information
responsible for the targeting of a precursor protein to
mitochondria depends on the positive charge and amphiphi-
licity of the presequence [8,9]. On the other hand, signal
sequences of secretory proteins, which are recognized by the
cytosolic signal recognition particle (SRP), contain a cluster
of hydrophobic amino acids and two or more positive
charges at the N-terminal region (for a review, see Ref.
[10]). Most chemically synthesized signal sequences are
insoluble in water, but tend to form helical structures in a
lipophilic environment [11–14].
Other proteins including those in the outer membrane, in
the IMS and in the inner membrane are synthesized without
presequences. Some outer membrane proteins possess mito-
chondrial targeting signals at the N-termini, which resemble
the cleavable presequences [15,16]. However, other proteins
possess internal (multiple) mitochondrial targeting signals
[17–30]. Targeting signals of outer and inner membrane
proteins often lie in the possible hydrophobic transmem-
brane segments and in their franking regions, functioning as
topogenic signals to determine the transmembrane topology
of the proteins.
3. Precursor binding sites in the translocase of the outer
mitochondrial membrane (TOM) complex
Protein import into mitochondria is mediated by the
TOM and translocase of the inner mitochondrial membrane
(TIM) complexes, multisubunit protein translocator com-
plexes in the outer and the inner mitochondrial membranes,
respectively. The TOM complex recognizes mitochondrial
proteins and facilitates their translocation across or insertion
into the outer membrane. Electron microscopy analyses
showed that the purified TOM complex from Neurospora
crassa exhibits one to three open pores with an internal
diameter of f 2 nm [31,32]. In yeast Saccharomyces
cerevisiae, the TOM complex consists of the f 400-kDa
core complex containing Tom40, Tom22, Tom5, Tom6, and
Tom7 and loosely associated components including Tom20
and Tom70, both of which function as receptors for mito-
chondrial proteins [33,34]. Tom37 and Tom72 have been
suggested to cooperate with Tom70 [35,36], but their
precise functions remain to be further characterized.
Tom40 is a major component that constitutes a protein-
conducting channel through which mitochondrial precursor
proteins move across the outer membrane [37,38].
The TOM complex contains multiple binding sites for
mitochondrial precursor proteins on both the cytosolic and
the IMS sides of the outer membrane (Fig. 2; for reviews,
see Refs. [39–44]). The precursor binding site on the
cytosolic side of the TOM complex (the cis site) functions
as a receptor to recognize the mitochondrial targeting signal
and accept only mitochondrial proteins. Some of the TOM
subunits, including Tom20 and Tom70, which expose
domains to the cytosol may well constitute the cis site.
Indeed, the expressed and purified cytosolic fragments of
Tom20 and Tom70 exhibit binding abilities to mitochondrial
precursor proteins [45–52]. The mitochondrial proteins
recognized by the cis site of the TOM complex are sub-
sequently guided to the Tom40 channel probably via Tom22
[53] and/or Tom5 [54].
Fig. 1. Comparison of the mitochondrial presequence and the ER-targeting signal sequence. Helical wheel plots of the presequence of yeast cytochrome
oxidase subunit IV precursor (left) and the signal sequence of human proinsulin precursor. In the helical wheel plots, hydrophobic residues are gray, positively
charged residues are black, and the numbers indicate residue numbers. In the amino-acid sequence of the signal sequence, the stretch of hydrophobic residues is
boxed.
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The TOM complex appears to contain a binding site for
mitochondrial presequences on the IMS side (the trans site)
as well [95]. Although precise identification of the compo-
nents constituting the trans site has not been made, it
contains at least a part of the IMS side of Tom40 and is
close to the IMS domain of Tom22 ([56,57]; H. Shimizu et
al., unpublished results). The trans site may function as a
second receptor for mitochondrial presequences, located
downstream of the cis site, to enhance the specificity and
fidelity of the mitochondrial targeting signal recognition.
The trans site may be also important for efficient transfer of
the presequence from the TOM complex to the presequence
binding site in the TIM complex [57,58].
Precursor binding to the cis and trans sites of the TOM
complex can be characterized by analyzing the translocation
intermediates accumulated at the TOM complex. To gen-
erate such translocation intermediates, the translocation of
precursor proteins across the outer membrane is uncoupled
from that across the inner membrane by dissipation of the
membrane potential across the inner membrane (DW)
[56,58–62], which is essential for the presequence passage
across the inner membrane, or by using purified outer
membrane vesicles that are free of the inner membrane
components [56,62,63]. When pSu9(1–69)-DHFR, a fusion
protein consisting of the 69-residue presequence of subunit
9 of the Fo-ATPase and mouse dihydrofolate reductase
(DHFR), is incubated with de-energized mitochondria with-
out DW, the fusion protein is accumulated at two distinct
stages, stages A and B, depending on the folding state of the
mature DHFR domain [58] (Fig. 2). Since the DHFR
domain is less stable at higher temperature, the mature
DHFR domain undergoes transient unfolding and the
unfolded form is trapped by Tom40 channel at 30 jC. At
this point, the presequence has already passed the Tom40
channel to reach and bind to the trans site of the TOM
complex (stage B, upper panel in Fig. 2). On the other hand
at 0 jC, the mature DHFR domain is stably folded and
remains outside the mitochondria. However even in this
case, the 69-residue presequence is long enough to cross the
outer membrane and its N-terminal part binds to the trans
site of the TOM complex (stage A, upper panel in Fig. 2). In
other words, the fusion protein is anchored to the TOM
complex only by its presequence at stage A while both the
presequence and the unfolded mature domain are involved
in binding to the TOM complex at stage B. Since the stage
A intermediate is less stable than the stage B intermediate in
the presence of high concentrations of salt, the presequence
binds to the trans site mainly through electrostatic inter-
Fig. 2. Schematic representation of the translocation intermediates of the fusion proteins between the long or short presequence and DHFR at the TOM
complex. The intermediates can be generated by incubation of the fusion proteins with isolated mitochondria at 0 jC (stage A) or at 30 jC (stage B) in the
absence of the membrane potential across the inner membrane. The triangles indicate the position of the cleavage by the mitochondrial matrix processing
peptidase. cis, the cis site of the TOM complex; trans, the trans site of the TOM complex.
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actions, whereas the unfolded mature DHFR domain binds
to the Tom40 channel through hydrophobic interactions as
well as electrostatic ones [58].
When a series of fusion proteins with different lengths
of the pSu9 presequence were tested for their abilities to
bind to de-energized mitochondria, the fusion proteins
could bind to mitochondria at 30 jC independently of the
lengths of the presequences [H. Shimizu, unpublished
results]. This is because the DHFR part frequently under-
goes transient unfolding so that even the short prese-
quence can reach the trans site of the TOM complex; the
stage B form is stabilized by interactions between the
unfolded DHFR domain and the Tom40 channel [H.
Shimizu, unpublished results] (lower panel in Fig. 2).
However at 0 jC, the fusion proteins could not bind to
mitochondria if the presequence was too short to span the
outer membrane (lower panel in Fig. 2). This is because
the presequence is now too short to reach the trans site
without unfolding of the DHFR domain and the folded
DHFR domain cannot interact with the TOM40 channel,
either. Therefore, in the absence of stable presequence
binding to the trans site of the TOM complex, the folded
fusion proteins cannot bind to the TOM complex any-
more. In other words, the presequence binding to the cis
site of the TOM complex alone is not strong enough to
anchor the fusion proteins to the mitochondrial surface.
4. Tom70 as the cis site for mainly internal targeting
sequences
Tom20 and Tom70 are the two major receptor subunits of
the TOM complex and constitute the cis site for mitochon-
drial proteins. Tom70 is anchored in the outer membrane by
the hydrophobic segment near the N-terminus and exposes a
65-kDa C-terminal domain to the cytosol [64–66]. Tom70
forms a dimer and is peripherally associated with the TOM
complex via interactions with Tom20 [60]. Although it is
clear that Tom 70 binds to a subset of mitochondrial
precursor proteins, thereby facilitating their targeting to
mitochondria, its substrate specificity is incompletely under-
stood. The overexpressed and purified Tom70 binds prefer-
entially to the members of the carrier protein family
including the ADP/ATP carrier (AAC) and the inorganic
phosphate carrier (PiC) of the mitochondrial inner mem-
brane, and this binding is not affected by the presence of
presequence peptides [45,48]. Carrier proteins lack the N-
terminal cleavable presequence, but instead contain internal
targeting signals within the molecules [17,26]. Therefore,
Tom70 should contain binding sites for the internal mito-
chondrial targeting signals, thereby serving as the central
component of the cis site for carrier proteins. Carrier
proteins are composed of three structurally related modules
of f 100 amino-acid residues [67], and each module can
bind to Tom70 and, by cooperation with the other two
domains, recruits three dimers of Tom70 [68].
Tom70 binds, although with low affinities, to prese-
quence-containing precursor proteins including cytochrome
c1 and aldehyde dehydrogenase III, as well [45,59]. How-
ever, it is not clear if Tom70 recognizes only the prese-
quence or both presequences and unidentified motifs in the
mature part of these presequence-containing precursor pro-
teins. Recently, a stably folded 25-kDa core domain was
identified in the middle portion of Tom70 that binds non-
cleavable and cleavable precursor proteins with a specificity
indistinguishable from the full-length Tom70 [69].
Substrates for Tom70 like AAC and PiC are highly
hydrophobic proteins and require molecular chaperones in
the cytosol including Hsp70 and mitochondrial import stim-
ulating factor (MSF) to maintain themselves in an import
competent state [49,70,71]. Mammalian MSF is a hetero-
dimer and has a dual function of preventing aggregation and
recognizing the targeting signals of precursor proteins [72].
MSF is an ATPase and its chaperone function requires ATP
hydrolysis. Previous studies suggested that Tom70 is a
docking site for the MSF–precursor complex, although
MSF alone cannot bind to Tom70 [71]. The MSF-bound
precursors are transferred from Tom70 to Tom20 after dis-
sociation from MSF on ATP hydrolysis while precursor
proteins interacting with Hsp70 or not in a complex with
chaperones can directly enter the TOM-mediated import
pathway through Tom20 independently of ATP [71]. This
model explains the requirement of ATP outside mitochondria
for the import of AAC into mitochondria [39]. However, on
the other hand, purified AAC or urea-denatured (therefore not
in a complex with chaperones) pre-alcohol dehydrogenase III
can bind to Tom70 at least with low efficiencies [45,59].
Bmh1p and Bmh2p, yeast homologues ofMSF, can stimulate
in vitro protein import into mitochondria, but its involvement
in protein targeting to mitochondria in vivo remains unclear
(K. Mihara, personal communication).
5. Do Tom37 and Tom72 constitute the cis site in
cooperation with Tom70?
Tom37 is an outer membrane protein with two putative
membrane-spanning segments and its inactivation with anti-
bodies or deletion leads to defective import of AAC into
mitochondria [35]. Tom37 was found to physically interact
with Tom70 and its deletion is synthetic lethal with deletion
of one of the genes encoding Tom70 and Tom20. On the
basis of these observations, a model was proposed in which
Tom37 forms a hetero-oligomer receptor complex with
Tom70. However, later blue-native gel electrophoresis anal-
yses of the components comprising the TOM complex failed
to detect Tom37 in the TOM complex. Instead, Tom37 was
found in a f 250-kDa complex, which is distinct from a
150- to 220-kDa Tom70 complex or the f 400-kDa Tom
core complex, and Tom37 behaved like a peripheral mem-
brane protein with respect to alkaline extraction [73]. Blue-
native gel electrophoresis analyses also showed that the
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binding of AAC to Tom70 can occur in the absence of
Tom37 [73]. Taken together, the roles of Tom37 as a cis-site
receptor for mitochondrial proteins becomes questionable at
the moment.
Yeast Tom72 (or Tom71) is a homologue of Tom70
[36,74]. In spite of the similar amino-acid sequences with
Tom70 (53% amino-acid identity and 70% similarity),
Tom72 is not required for the import of precursor proteins
known to use Tom70 in vitro. Deletion of both genes for
Tom70 and Tom72 does not lead to significant growth
defects as compared with the growth of cells lacking
Tom70 or Tom72 alone. Therefore, functions of Tom72
remain totally unknown.
6. Tom20 as the cis site for mainly presequences
The general import receptor, Tom20, is anchored in the
outer membrane by the N-terminal hydrophobic segment
and exposes a large C-terminal domain to the cytosol [75–
79]. The cytosolic domain consists of a flexible basic region
followed by a core domain, which retains, if expressed and
purified, the ability to bind mainly to presequence-contain-
ing mitochondrial precursor proteins, and this binding is
suppressed by presequence peptides [45,47–49,52]. In other
words, Tom20 is the central component of the cis site for
presequences. However, in addition to presequences, Tom20
appears to bind to at least a subset of mitochondrial proteins
without a presequence [45,47,48]. Deletion of Tom20 is
accompanied more or less by reduction in the level of
Tom22 and in turn, the Tom20-deficient cells exhibit defects
in respiration, which can be suppressed by restoring a
normal level of Tom22 [80]. Loss of Tom20 could be also
rescued by overexpression of Tom70, indicating the over-
lapping functions of Tom20 and Tom70 [77].
7. Solution structure of the Tom20 core domain
complexed with a presequence peptide
Recently, an NMR structure of the core domain of rat
Tom20 in a complex with a presequence peptide derived
from rat aldehyde dehydrogenase (ALDH) has been deter-
mined [52]. Fig. 3 shows the determined NMR structure of
the Tom20 core domain in a complex with the C-terminal
half of the ALDH presequence peptide. The structure of the
Tom20 core domain consists of five a helices, four of which
form a well-defined structure with an internal hydrophobic
core. The bound ALDH presequence takes an amphiphilic
helical structure, which is accommodated in the groove of
Fig. 3. The NMR structure of the complex of the rat Tom20 core domain and the C-terminal half of the ALDH presequence peptide. Hydrophobic residues
comprising the hydrophobic binding groove for the presequence are colored yellow, and glutamine and glutamic acid residues in the peripheral region are
colored orange and red, respectively. The bound peptide is drawn as a tube with side chains in magenta for Leu, blue for Arg, and cyan for others. (Cell Press
Ref. [52].)
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Tom20. Since the amphiphilic helix of the presequence is
formed in the absence of lipid membranes, directly at the
hydrophobic binding groove of Tom20, it is not essential for
precursor proteins to first bind to the mitochondrial mem-
brane to be recognized by Tom20. However, this does not
rule out the role of the lipid membrane, which may increase
the local concentrations of the presequences, thereby
enhancing the efficiency of the presequence recognition
by Tom20.
The presequence binding groove of Tom20 (Fig. 3) is
comprised of mainly hydrophobic residues (colored yellow),
while hydrophilic residues (in orange, mainly the side
chains of glutamine residues) are located in the periphery
of the groove. Fig. 4 shows a series of sections of the
Tom20–presequence complex. The hydrophobic groove of
Tom20 is made up by methyl groups of hydrophobic
residues, resulting in a smooth concave surface. The side
chains of three leucine residues of the ALDH presequence,
which are aligned on one side of the amphiphilic helix, are
in contact with the groove. This was shown by the obser-
vation of nuclear Overhauser effects (NOEs) between the
methyl groups of the leucine residues and those of hydro-
phobic residues in the Tom20 groove. The magnitude of
these NOEs was, however, reduced as compared with
intramolecular NOEs in Tom20. We interpret such intermo-
lecular NOE attenuation as the results of residual flexibility
of the presequence peptide even in the bound state. Such a
loose interaction between Tom20 and the presequence,
which are distinct from a key-and-lock type interaction,
may contribute to the ability of Tom20 to accommodate a
wide variety of presequences.
The NMR structure suggests that the binding of the
presequence peptide to Tom20 is mediated primarily by
hydrophobic interactions. This view was supported by site-
specific amino-acid replacements of both the presequence
and Tom20 [52]. Positively charged arginine residues in the
ALDH presequence or negatively charged glutamic acid
residues (colored red in Figs. 3 and 4) at the periphery of the
presequence binding groove of Tom20 are dispensable for
the presequence binding to Tom20 while hydrophobic
leucine residues in the presequence are essential. These
results are consistent with the previous observation that
Fig. 4. Serial sections of the complex of the rat Tom20 core domain and the ALDH presequence peptide. Molecular surfaces of Tom20 and the presequence are
shown. Color representation is the same as in Fig. 3.
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the binding of precursor proteins to the cytosolic domain of
Tom20 is not sensitive to salt concentrations [48]. However,
other reports emphasized the importance of ionic interac-
tions between the positively charged presequences and
acidic residues of Tom20 on the basis of the salt sensitivity
of the presequence/precursor binding to de-energized mito-
chondria or isolated Tom20 fragments [46,49,60]. We rea-
son that this apparent discrepancy is partly because, as
described in the previous section, the precursor binding to
de-energized mitochondria does not reflect interactions with
the surface receptor (the cis site) but those with the trans site
of the TOM complex. Indeed, presequence binding to the
trans site is mediated primarily by ionic forces because it is
sensitive to high concentrations of salt [58]. Another reason
could be that, in the analyses with isolated Tom20 frag-
ments, salt concentrations may affect not only the interac-
tions between the presequence and Tom20 fragments but
also the aggregation states of presequences peptides, pre-
cursor proteins or Tom20 fragments, rendering the observed
effects somehow difficult to interpret.
Fig. 5. Substrate peptides in helical conformations can be accommodated in the hydrophobic binding grooves of Tom20 (left) and of Ffh (right). Stick models
for backbone Ca carbons (upper panels) and space filling models for both backbones and side chains (lower panel) are shown. The Tom20–presequence
complex represents the structure determined by NMR [52]. The Ffh–signal sequence complex represents the result of the model building analysis that assumed
the peptide in an a-helical conformation bound to the hydrophobic cleft of Ffh, the structure of which was determined by X-ray crystallography [81].
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How can Tom20 discriminate the mitochondrial-targeting
signal from those for other organelles? Fig. 5 shows how
small peptides in helical conformations can be accommo-
dated in the binding grooves of Tom20 and Ffh, a bacterial
SRP [81]. Since the Ffh structure was determined by X-ray
crystallography in the absence of the signal peptide, we
made a complex model assuming an a-helical conformation
of the signal peptide accommodated in the hydrophobic cleft
of Ffh. Obviously, the binding groove of Tom20 is much
shallower than that of Ffh, so that hydrophilic residues of
the mitochondrial presequence peptides on the other side of
the helix are exposed to the aqueous solvent. On the other
hand, the helical structure is fully embedded in the binding
groove of Ffh, so that hydrophobic residues on both sides of
the helix can interact with hydrophobic residues of Ffh.
Therefore, the difference in the depths of the hydrophobic
grooves between Tom20 and Ffh could allow distinguishing
the amphiphilic helix of the mitochondrial targeting signal
and the entirely hydrophobic helix of the ER-targeting
signal.
Does the binding to the hydrophobic side of the
amphiphilic helix formed by a presequence solely repre-
sent the principle of the recognition of the mitochondrial-
targeting signal by Tom20? Previous statistical and muta-
tional analyses failed to detect any conserved amino-acid
sequence motif in the mitochondrial presequences [4].
Indeed, several different presequence peptides with little
sequence homology cause similar chemical shift pertur-
bation patterns in the NMR spectra of 15N-labeled
Tom20, indicating that such divergent amino-acid sequen-
ces are recognized by the common presequence binding
site in Tom20 [52]. The NMR structure of the Tom20–
ALDH presequence complex revealed that the amphi-
philic helix bound to Tom20 is at most two turns long
and therefore that as long as eight amino acid residues in
the presequence can be recognized by Tom20. Thus,
identification of the Tom20 binding segments (ca. 8
residues) in the presequences (usually longer than 20
residues) may allow us to look for a possible sequence
motif common to different Tom20 binding segments. We
carried out analyses of the chemical shift perturbation of
the NMR signals of different 15N-labeled presequence
peptides upon binding to Tom20, which revealed the
Tom20 binding segments as a set of contiguous amino
acid residues with perturbed NMR signals [82]. The
Tom20-binding elements occupy different positions, either
near the N terminus or at the C-terminus, in the prese-
quence and importantly, exhibit a common pattern
described as fmmff, where f is a hydrophobic/aromatic
residue (Leu, Met, Trp, Cys, Ala, Tyr, Phe, and Ile) and
m is an any amino acid residue with a long aliphatic
side-chain and often with a polar group at the end.
Although this motif is still too vague as a recognition
signal for Tom20, it will offer a starting point to perform
detailed analyses of Tom20 binding elements by system-
atic and rational amino-acid replacements.
8. Do Tom22 and Tom5 contribute to the cis site for
presequences?
Although the presequence binding to Tom20 is mediated
by hydrophobic rather than ionic interactions, the positive
charge of the presequence is essential for the import ability
of the precursor protein. This means that the amphiphilicity
and positive charges of the presequence are distinct and
separable recognition elements. In other words, the positive
charges of the presequence are required in other steps during
protein import into mitochondria. In this respect, it is
interesting to assume that Tom20 and Tom22 recognize
opposite sides of the same amphiphilic structure of the
presequence, Tom20 recognizing the hydrophobic surface
and Tom22 the hydrophilic surface [83].
Tom22 is anchored in the outer membrane by its hydro-
phobic segment in the middle of the polypeptide, exposing
the N-terminal domain to the cytosol [53,80,84]. Since the
cytosolic domain of Tom22 is rich in acidic amino-acid
residues, it may well bind to positively charged presequen-
ces. Indeed, binding of presequence-containing precursor
proteins to the outer membrane vesicles were inhibited by
antibodies against Tom20 and Tom22 [55]. The purified
cytosolic domain of Tom22 has been shown to bind to
fragments derived from both presequence and mature part of
mitochondrial proteins in a salt-sensitive manner [51].
Tom5 is another integral outer-membrane protein subunit
of the TOM complex with a C-terminal transmembrane
anchor and an acidic N-terminal domain exposed to the
cytosol [54]. Precursor proteins with a cleavable prese-
quence bind to the Tom5-deficient mitochondria as effi-
ciently as wild-type mitochondria, but they are transferred to
the import channel only slowly. Tom5 thus appears to play
important roles in the transfer of precursor proteins from
surface receptors to the Tom40 channel. Since Tom5 is
chemically cross-linked to a precursor protein in transit
across the outer membrane, the acidic cytosol region of
Tom5 may have an ability to bind to the positively charged
presequences, thereby guiding it to the Tom40 import
channel. According to the NMR analyses of yeast Tom5
[85], the 26-residue cytosolic fragment of Tom5 contains a
short helical segment including a stretch of glutamic acid
residues, although interactions between presequence pepti-
des and the Tom5 cytosolic fragment were not detected.
Perhaps, the transmembrane segment of the full-length
Tom5 embedded in the membrane may be required for
efficient interactions of Tom5 with presequences.
9. Conclusion
We have reviewed here the receptor functions of the
TOM proteins mainly from fungal mitochondria. Some of
the TOM components, Tom20 [79,86–88], Tom22 [89,90],
Tom40 [91] and Tom70 [92], of fungal mitochondria have
counterparts in mammalian mitochondria, suggesting the
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presence of the homologous protein recognition systems
operating in mammalian mitochondria. However, this does
not rule out the possibility of minor differences between the
mammalian and fungal TOM systems. For example, Tom34
[93,94], metaxin [95,96] and OM37 [97] of the outer
membrane in mammalian mitochondria, which have no
homologues in fungal mitochondria, have been suggested
to be involved in protein import into mitochondria,
although their precise functions should await further char-
acterization.
Molecular mechanisms of recognition of mitochondrial
targeting signals by the receptor proteins can be now
discussed on the basis of the three-dimensional structures.
A surprising aspect of the revealed NMR structure of the
presequence–Tom20 complex is that the presequence bind-
ing site of Tom20 is tailored to recognize the amphiphilic
structure but not the positively charged residues. This led to
our proposal that different structural features associated with
the presequence can be recognized by the mitochondrial
protein import system in different steps during the import
[52,82]. The steps required for the presequence recognition
may include recognition by other components of the TOM/
TIM complexes, including Tom22, Tom5, and Tim23,
sensing of the membrane potential across the inner mem-
brane, and/or capture by a chaperone in the matrix, mito-
chondrial Hsp70. For the presequence recognition by factors
other than Tom20, the amphiphilic helical structure of the
presequence may not necessarily be required. To reveal the
organization of these recognition elements in the prese-
quence and the mechanism of their recognition by cognate
presequence-binding proteins, three-dimensional structures
of the complexes between the presequences and their
cognate receptors are prerequisite. On the basis of such
structural information, systematic mutagenesis of both pre-
sequences and presequence-binding proteins can be per-
formed to identify the recognition elements in the
presequences precisely. Such an approach should yield more
clear-cut results than the previous mutagenesis analyses, in
which effects of amino-acid replacements of the presequen-
ces were tested only on the entire import process.
Although the internal targeting signals in carrier proteins
such as AAC and PiC are still ill defined, understanding of
their import pathway has developed significantly over the
past several years (for reviews, see Refs. [98–100]). Carrier
proteins use the same TOM complex as that for prese-
quence-carrying proteins to cross the outer membrane and
then use a distinct TIM complex from that for the matrix.
However, the way as carrier proteins thread through the
TOM import channel looks quite different from that for
presequence-containing precursor proteins; carrier proteins
do not go across the outer membrane as a linear polypeptide
chain but in a loop conformation [68]. It remains open if the
TOM complex contains the trans site for the internal import
signals of along the loops formed by the carrier proteins.
Little is known about the recognition mechanisms of the
other types of mitochondrial targeting signals. It is thus not
surprising that the mitochondrial outer membrane contains
more as-yet-unidentified receptors for internal targeting
signals, for example, tail-anchored outer membrane pro-
teins. Detailed, both structural and biochemical, analyses of
several different types of mitochondrial targeting signals and
their cognate receptor proteins will be an exciting research
subject, which will uncover novel principles of the molec-
ular signal recognition.
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